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Abstract
The extent to which age-related differences in neural markers of visual processing are influenced
by changes in visual acuity has not been systematically investigated. Studies often indicate that
their subjects had normal or corrected-to-normal vision, but the assessment of visual acuity seems
to most frequently be based only on self-report. Consistent with prior research, to be included in
the current study, subjects had to report normal or corrected-to-normal vision. Additionally, visual
acuity was formally tested using a Snellen eye chart. Event-related potentials (ERPs) were studied
in young adults (18–32 years old), young-old adults (65–79 years old), and old-old adults (80+
years old) while they performed a visual processing task involving selective attention to color.
Age-related differences in the latency and amplitude of ERP markers of early visual processing,
the posterior P1 and N1 components, were examined. All results were then re-analyzed after
controlling for visual acuity. We found that visual acuity declined as a function of age. Accounting
for visual acuity had an impact on whether older and younger adults differed significantly in the
size and latency of the posterior P1 and N1 components. After controlling for visual acuity, age-
related increases in P1 and N1 latency did not remain significant, and older adults were found to
have a larger P1 amplitude than young adults. Our results suggest that until the relationship
between age-associated differences in visual acuity and early ERPs is clearly established,
investigators should be cautious when interpreting the meaning of their findings. Self-reports
about visual acuity may be inaccurate, necessitating formal measures. Additional investigation is
needed to help establish guidelines for future research, especially of very old adults.
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1.0 Introduction
A large body of research suggests that there are age-related differences in visual processing
(Ceponiene et al., 2008; Davis et al., 2008; De Sanctis et al., 2008; Dennis and Cabeza,
2008; Diaz and Amenedo, 1998; Dustman and Beck, 1966; Dustman and Snyder, 1981;
Finnigan et al., 2011; Goh, 2011; Schmolesky et al., 2000; Spear, 1993; Yu et al., 2006;
Zanto et al., 2010). There is also strong evidence of age-associated declines in visual acuity
(Faubert, 2002; Kanthan et al., 2008; Klaver et al., 1998; Munoz et al., 2000; Rodriguez et
al., 2002; Rubin et al., 1997; Spear, 1993). However, the extent to which age-related
differences in measures of cortical visual processing are influenced by changes in visual
acuity has not been systematically investigated. In this study, we focus on two early event-
related potentials (ERPs), the posterior P1 and the posterior N1 components, and investigate
whether the age-associated differences observed may be related to changes in visual acuity.
The posterior P1 and N1 components are mediated by extra-striate regions and index initial
sensory-perceptual encoding (Hillyard et al., 1998b; Mangun et al., 1990; Natale et al.,
2006; Schechter et al., 2005; Woldorff et al., 1997). The P1 component is hypothesized to
reflect early cortical processing of stimuli sensitive to bottom-up influences such as stimulus
salience and complexity (Hillyard et al., 1998a; Johannes et al., 1995), and the N1
component is theorized to reflect initial visual discrimination processing and early visual
categorization (Hillyard et al., 1998a; Martinovic et al., 2011; Vogel and Luck, 2000). Both
components are sensitive to spatial attention, but under most circumstances are not
modulated by selective attention to non-spatial features such as color (Daffner et al., 2012a;
Daffner et al., 2012b; Hillyard and Anllo-Vento, 1998; Hillyard and Munte, 1984).
Usually, age-related changes in P1 and N1 have been interpreted in terms of the impact that
aging has on cortical visual processing (Ceponiene et al., 2008; De Sanctis et al., 2008; Diaz
and Amenedo, 1998; Dustman and Beck, 1966; Dustman and Snyder, 1981; Finnigan et al.,
2011; Zanto et al., 2010). Limited attention has been paid to the potential influence of age-
associated differences in visual acuity on electrophysiological measures. Most investigations
report that subjects had normal or corrected-to-normal vision (Ceponiene et al., 2008;
Czigler and Balazs, 2005; De Sanctis et al., 2008; Falkenstein et al., 2006; Finnigan et al.,
2011; Yordanova et al., 2004; Zanto et al., 2010). However, in most cases there is no
indication that visual acuity was actually measured, and it is likely that the investigators
largely relied on reports from subjects about their visual status. Only a few studies measured
visual acuity (e.g., Celesia and Daly, 1977; Curran et al., 2001; De Sanctis et al., 2008; Diaz
and Amenedo, 1998; Zanto et al., 2010). Of these studies, some set inclusion/exclusion
cutoffs of 20/20 (Celesia and Daly, 1977), 20/30 (Diaz and Amenedo, 1998), or 20/40
(Zanto et al., 2010), whereas others did not establish clear cutoff scores (Curran et al., 2001;
Werkle-Bergner et al., 2009). For example, Curran et al. (2001) reported that the mean
visual acuity for their sample of older subjects (mean age 69.8) was 20/46, with a range
from 20/20 to 20/100. We are not aware of any previous investigations that have accounted
for differences in visual acuity when interpreting the significance of age-related differences
in early visual ERPs.
To address this gap in the literature, we studied three age groups: young adults (18–32 years
old), young-old adults (65–79 years old), and old-old adults (80+ years old) who performed
a visual processing task involving selective attention to color. Consistent with many studies,
all subjects were initially screened (by telephone interview) for normal or corrected-to-
normal vision based on self-report. As part of the evaluation of participants, subjects
underwent testing of visual acuity using a Snellen eye chart. Age-related differences in the
latency and amplitude of the P1 and N1 components were examined. All results were then
re-analyzed after controlling for visual acuity. The relative lack of attention to this factor in
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the literature led to the expectation that it would have a limited impact on the findings.
Nevertheless, we reasoned that if substantial changes in our results were found after
controlling for visual acuity, it would suggest the need for investigators to be more cautious
about interpreting age-associated differences in P1 and N1 components in terms of changes
in cortical visual processing activity. Moreover, it would call upon researchers to include
formal measures of visual acuity in future studies.
2.0 Methods
2.1 Participants
Subjects were recruited through community announcements in the Boston metropolitan area,
including the Harvard Cooperative Study on Aging. All subjects underwent informed
consent approved by the Partners Human Research committee. Participants were between 18
and 32 years or 65 and older. All subjects underwent an initial telephone screen in which
they were asked about vision, hearing, and medical history. To be included in this study
subjects had to report that they had normal vision or corrected-to-normal vision with glasses
or contact lenses. In addition, inclusion criteria required that subjects be English-speaking
and have 12 or more years of education, a Mini Mental State Exam (MMSE) score (Folstein
et al., 1975) ≥ 26, and an estimated Intelligence Quotient (IQ) on the American National
Adult Reading Test (AMNART) (Ryan and Paolo, 1992) ≥ 100. Subjects were excluded if
they had a history of CNS diseases or major psychiatric disorders based on DSM-IV criteria
(American Psychiatric Association, 1994), a history of clinically significant medical
diseases, a history of clinically significant audiological disease, a Beck Depression
Inventory (Beck and Steer, 1987) (for young subjects) or a Geriatric Depression Scale
(Yesavage et al., 1982) (for old subjects) score of ≥ 10, were unable to distinguish between
the color red and blue, or had focal abnormalities on neurological examination consistent
with a CNS lesion. Subjects were paid for their time.
Binocular visual acuity was measured in all subjects with the Snellen 10 feet model wall
chart, and recorded as a decimal representation of 20/x, such that 20/20 = 1.0 and represents
“normal” visual acuity. Worse than normal vision was represented with a visual acuity value
of less than 1.0 (e.g., 20/40 = 0.5). Better than normal vision was represented with a visual
acuity value greater than 1.0. All subjects underwent a neuropsychological test battery that
included the following: Digit Span Forward and Backward subtests of the Wechsler Adult
Intelligence Scale-IV (WAIS-IV) (Wechsler, 2008), WAIS-IV Letter-Number Sequencing,
WAIS-IV Digit-Symbol Coding, WAIS-IV Matrix Reasoning, Controlled Oral Word
Association Test (COWAT) (Ivnik et al., 1996), Trail-Making Test Parts A and B (Reitan
and Wolfson, 1985), Boston Naming test (Tombaugh and Hubley, 1997), Logical Memory
II subtest of the Wechsler Memory Scale-III (Wechsler, 1997), and Visual Form
Discrimination (Benton et al., 1983).
2.2 Experimental Procedures
A selective attention task was administered under low and high memory load. Under both
loads, subjects were shown physically identical sets of stimuli, which consisted of individual
letters presented in either the color red or the color blue. The low load task required subjects
to respond by button press to one specific target letter. To help minimize group differences
in performance on the high load task, demands were made easier for old subjects. For the
high load task, the number of target letters chosen for each age group was based on pilot
data: young subjects responded to 5 target letters and older subjects responded to 4 target
letters. This was done to allow us to draw inferences about age-related differences in neural
activity and not performance-related differences (Daffner et al., 2011; Daselaar and Cabeza,
2005; Riis et al., 2008). Subjects were instructed to pay attention to letters appearing in the
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designated color while ignoring letters appearing in the other color, and respond to target
letters appearing in the designated color only. Subjects were asked to respond as quickly and
as accurately as possible to target letters. Practice trials preceded each set of experimental
runs. All subjects participated in both tasks, whose order was counterbalanced. The hand
used for the target response was counterbalanced across subjects.
Each task included 800 stimulus trials divided into 8 blocks. In both the high load and low
load tasks, stimuli appeared one at a time within a fixation box that remained on the screen
at all times and subtended a visual angle of ~3.5° × 3.5° at the center of a high-resolution
computer monitor. Half of the stimuli appeared in the color red and half in the color blue, in
randomized order. Target stimuli (7.5% in attend color; 7.5% in ignore color) were
designated upper case letters and standard stimuli (70% overall; 35% in each color) were
any non-target upper case letters. Fillers accounted for the remainder of the stimuli
presented. Visual stimuli subtended an angle of ~2.5° along their longest dimension and
were presented for 250 ms. The inter-stimulus interval (ISI) varied randomly between 815–
1015 ms (mean ~ 915 ms) (see Fig. 1). For analytic purposes, trials were categorized in
terms of whether the stimuli presented were in the attend or the ignore color. The Attend
condition consisted of all stimuli in the designated color; the Ignore condition consisted of
all stimuli in the non-designated color.
2.3 ERP Recordings
An ActiveTwo electrode cap (Behavioral Brain Sciences Center, Birmingham, UK) was
used to hold to the scalp a full array of 128 Ag-AgCl BioSemi (Amsterdam, The
Netherlands) “active” electrodes whose locations were based on a pre-configured montage.
Electrodes were arranged in equidistant concentric circles from 10–20 position Cz. In
addition to the 128 electrodes on the scalp, 6 mini bio-potential electrodes were placed over
the left and right mastoid, beneath each eye, and next to the outer canthi of the eyes to check
for eye blinks and vertical and horizontal eye movements. EEG activity was digitized at a
sampling rate of 512 Hz.
2.4 Data Analysis
To create a composite score for neuropsychological tests, raw scores on each test were
converted into z-scores based on the performance of all subjects. A composite z-score was
computed for each subject by averaging his/her z-scores on all tests. Performance across
groups was compared using ANOVA.
Median reaction time (RT), target hit rate, and false alarm rate were measured. Performance
was compared using repeated measures ANOVA, with memory load as the within-subject
factor and age group as the between-subject factor. A response was considered a hit if it
occurred between 200–1000 ms after stimulus presentation. Behavioral and visual acuity
data for the 3 groups were compared using ANOVA.
EEG data were analyzed using ERPLAB (www.erpinfo.org/erplab) and EEGLAB (Delorme
and Makeig, 2004; http://sccn.ucsd.edu/eeglab) toolboxes that operate within the MATLAB
framework. Raw EEG data were resampled to 256 Hz and referenced off-line to the
algebraic average of the right and left mastoids. EEG signals were filtered using an IIR filter
with a bandwidth of 0.03–40 Hz (12 dB/octave roll-off). Eye artifacts were removed through
an independent component analysis. Individual bad channels were corrected with the
EEGLAB interpolation function. EEG epochs for the two attention conditions (Attend and
Ignore) were averaged separately. The sampling epoch for each trial lasted for 1200 ms,
including a 200 ms pre-stimulus period that was used to baseline correct the ERP epochs.
Trials were discarded from the analyses if they contained baseline drift or movement
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artifacts greater than 90 μV. Only trials with correct responses were included in the
analyses.
Regions of Interest (ROIs) across the scalp were designated, with each ROI reflecting a
cluster of 7 electrode sites whose values were averaged (see Fig. 2). Consistent with prior
research, measurement of the posterior P1 and N1 components focused on lateral posterior
regions (Curran et al., 2001; De Sanctis et al., 2008; Nagamatsu et al., 2011; Natale et al.,
2006; Vogel and Luck, 2000; Zanto et al., 2010), as represented by the left occipito-
temporal (LOT) and right occipito-temporal (ROT) ROIs. ERPs to standard stimuli under
the Attend condition are the focus of this report.1 The latency of the P1 was measured as the
local positive peak latency between 50–150 ms and latency of the N1 was measured as the
local negative peak latency between 100–250 ms. Because of concerns about the potential
impact of high frequency noise on peak latency values (Luck, 2005), time course analyses
were performed on mean amplitude values recorded at 10 ms intervals between 70–130 ms
for the P1 and 140–180 ms for the N1, collapsed across ROIs LOT and ROT. One-sample t-
tests were carried out separately for the young, young-old, and old-old groups to determine
the temporal intervals in which mean values differ significantly from 0 μV. The amplitude
of the P1 and N1 was derived from the mean amplitude of the 30 ms interval centered at the
component’s mean peak latency for each age group. ERPs were analyzed using analysis of
variance (ANOVA), with memory load, and ROI as within-subject variables, and age group
as the between-subject variable. Given our interest in placing this data set within the context
of the existing literature, much of which included only 2 age groups, we also report the
results of the pairwise statistical analyses (young vs. young-old, young vs. old-old, young-
old vs. old-old) regardless of the outcome of the overall effect of age. The Geisser-
Greenhouse correction was applied for all repeated measures with greater than 1 degree of
freedom. Statistical analyses of ERPs and behavioral variables were repeated controlling for
visual acuity using analysis of covariance. Finally, regression analyses were used to explore
relationships between age, visual acuity, ERP components, and behavioral performance.
3.0 Results
3.1 Participants
The young subject group included 25 subjects between the ages of 19 and 29 (mean age =
22.6 (2.3)). The young-old (y-old) subject group included 15 subjects between the ages of 67
and 79 (mean age = 73.9 (3.7)). The old-old (o-old) subject group included 22 subjects
between the ages of 80 and 92 (mean age = 84.2 (3.4)). Table 1 provides a summary of
information about subject characteristics. An additional 3 young, 3 young-old, and 3 old-old
subjects participated in the experiment, but were excluded due to excessively noisy ERP
data.
3.1.1 Neuropsychological Test Scores—The composite z-scores on
neuropsychological tests differed across age groups (F2,59 = 6.98, p < 0.005), such that
young adults had higher scores than young-old (p < 0.05) and old-old (p < 0.05) adults, with
no difference between the latter two groups (Table 1). After controlling for visual acuity, the
difference across groups became marginal (F2,58 = 2.99, p < 0.06). There were no
differences across age groups in raw scores on Digit Span Backward, Controlled Oral Word
Association Test, Logical Memory II, or the Boston Naming test. Age-related decline (all
p’s < 0.005) was observed in Matrix Reasoning, Visual Form Discrimination, Digit Symbol,
Letter-Number Sequencing, Digit Span Forward, and Trail Making Parts A and B. After
controlling for visual acuity, all of these results survived, except for the age-associated
differences in Digit Span Forward and Trail Making Parts A and B.
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3.1.2 Visual Acuity—Visual acuities ranged from 20/16 to 20/80, with an overall mean of
0.83 (0.26) ≈ 20/24 (Table 1). Fifty-eight out of 62 subjects had visual acuities of 20/40 or
better. Table 2 presents a summary of the number of subjects in each age group who
exhibited each of the different gradations of visual acuity from 20/16 to 20/80. An ANOVA
for visual acuity revealed an effect of age (F2,61 = 30.78, p < 0.001), such that young (1.05
(0.20) ≈ 20/20) had better visual acuity than young-old (0.75 (0.17) ≈ 20/27) (p < 0.001)
and old-old subjects (0.63 (.18) ≈ 20/32) (p < 0.001). Young-old subjects tended to have
better visual acuity than old-old subjects (p < 0.08).
We were interested in determining whether the older individuals (young-old and old-old
groups combined, n = 37) with worse visual acuity exhibited poorer performance on
cognitive tests than their age-matched peers. There were no differences in the composite z-
scores on neuropsychological tests between subjects with visual acuity better than 20/40 vs.
those with 20/40 or worse, or between subjects with visual acuity better than 20/30 vs. those
with 20/30 or worse. Raw scores on cognitive tests were also examined. Across the older
subjects, the only test in which subjects with visual acuity better than 20/40 scored better
than subjects with 20/40 or worse was Digit-Symbol Coding (p < 0.05). The only test in
which older subjects with visual acuity better than 20/30 scored better than subjects with
20/30 or worse was Trail Making Test Part A (p < 0.07), and this was only a trend. In
summary, among older subjects, impairment in visual acuity was not associated with worse
cognitive performance, except perhaps on two timed tests highly dependent on visual
processing.
3.2 Behavior
An ANOVA of target hit rate revealed no effect of age group (young: 93.0 (0.1) %, y-old:
96.0 (0.0) %, o-old: 93.2 (0.1) %), but an effect of memory load (F1,59 = 34.13, p < 0.001),
and an age × memory load interaction (F2,59 = 4.47, p < 0.05). The effect of load was
present because target hit rate was higher on the low load task (97.0 (5.2) %) than on the
high load task (92.0 (6.7) %). The magnitude of this difference was larger for young adults
than for the other two groups. Interestingly, after controlling for visual acuity, an effect of
age emerged (F2,58 = 3.72, p < 0.05), which was present because older subjects had a higher
target hit rate than young adult subjects (o-old > young (p < 0.05); y-old > young (p < 0.01);
o-old = y-old (p > 0.6)). However, there was no longer an effect of memory load (p > 0.3),
or an age × load interaction (p > 0.1).2
An ANOVA of false alarm rate revealed an effect of age (F2,59 = 7.45, p < 0.005) (young:
0.4% (0.5), y-old: 1.0% (0.9), o-old: 1.0% (1.0)), but no effect of memory load or interaction
between age and memory load. Young subjects had a lower false alarm rate than old-old
subjects (p < 0.001) and a marginally lower false alarm rate than young-old subjects (p <
0.08). Young-old and old-old did not differ in their false alarm rates. After controlling for
visual acuity, there was no longer an effect of age on false alarms (p > 0.1).
An ANOVA of median RTs revealed a marginal effect of age (F2,59 = 2.51, p < 0.1), an
effect of memory load (F1,59 = 276.39, p < 0.001), and no age × memory load interaction.
Young subjects responded faster than old-old (p < 0.05) and marginally faster than young-
old (p < 0.1) subjects. There was no difference between young-old and old-old in median
reaction time (p > 0.8) (young: 536 (46) ms, y-old: 566 (52) ms, o-old: 568 (64) ms)).
Subjects responded faster in the low load task (504 (7) ms) than the high load task (609 (8)
ms). After controlling for visual acuity, there was no longer an effect of age on median
reaction time (p > 0.8), but the effect of memory load survived.
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3.3 ERPs
The grand average ERPs in response to standard stimuli under the Attend condition at the 8
lateral ROIs are presented for the low load task in Figure 3a and for the high load tasks in
Figure 3b. Because there was no effect of load and no interaction between age group and
load for the latency or amplitude of the P1 or N1 components, the results presented are
collapsed across the low and high load tasks. Figure 4 presents the surface potential maps,
illustrating the scalp distribution of the posterior P1 and posterior N1 for each group. (See
Supplemental Figure 1 for an illustration of the scalp topographies of the difference waves
between age groups.) Figure 5 illustrates the grand average ERPs for the 3 age groups
collapsed across memory load and the lateral posterior ROIs, LOT and ROT. In presenting
the results, effects of ROI or interactions between group and ROI are not provided unless the
pattern changed after controlling for visual acuity.
3.3.1 Posterior P1 Component—An ANOVA for the P1 latency revealed an effect of
age (F2,59 = 3.42, p < 0.05), which was present because P1 latency was earlier for young
subjects (103.6 (2.6) ms) than for both young-old (113.0 (3.4) ms) and old-old subjects
(112.1 (2.8) ms) (young < y-old (p < 0.05); young < o-old (p < 0.05); y-old = o-old (p >
0.8)). After controlling for visual acuity, the overall effect of age was no longer significant
(F 2,58 = 2.27, p > 0.1). Follow-up pairwise comparisons after controlling for visual acuity
indicated that young subjects continued to exhibit an earlier P1 latency than young-old
subjects (p < 0.05), but there were no longer reliable differences between young and old-old
subjects (p > 0.05).
The amplitude of the P1 was measured as the mean value between 90–120 ms for young
subjects and 100–130 ms for both groups of older subjects. An ANOVA revealed no effect
of age (p > 0.6). However, controlling for visual acuity resulted in an effect of age (F2,58 =
3.98, p < 0.05), which was explained by both old-old and young-old subjects exhibiting a
larger P1 amplitude than young subjects (y-old > young (p < 0.05); o-old > young (p <
0.05); o-old = y-old (p > 0.9)).
Time course analysis using one-sample t-tests, performed separately on the young, young-
old, and old-old groups, revealed mean values significantly greater than 0 μV, consistent
with a P1, between 70–80 ms for the young (p < 0.001), but not the old groups. Between 80–
130 ms all groups generated a robust P1 component (all p’s < 0.005). Results are presented
in Supplemental Table 1. An ANOVA demonstrated that the size of the P1 was larger for
young subjects than the other two groups from 70–80 ms (p < 0.005), with no group
differences during any 10 ms interval from 80–130 ms. After controlling for visual acuity,
the size of the P1of young subjects no longer differed from old subject from 70–80 ms. For
each of the 10 ms intervals between 90–130 ms, both young-old and old-old subjects
generated a larger P1 than young subjects (all p’s < 0.05).
3.3.2 Posterior N1 Component—An ANOVA for N1 latency revealed no effect of age
(p > 0.1), with the overall mean value being 161.7 (1.7) ms. Although the overall effect of
age did not reach significance, pair-wise group analyses demonstrated that the latency of the
N1 peaked earlier for young (163.5 (2.6) ms) than for old-old subjects (171.2 (2.7) ms), with
no difference between young and young-old (168.2 (3.3) ms), or young-old and old-old
(young < o-old (p < 0.05); young = y-old (p > 0.2); y-old = old-old (p > 0.4)). After
controlling for visual acuity, an ANOVA revealed no effect of age (p > 0.4), and the
difference in N1 latency between young and old-old subjects was no longer evident (p >
0.1).
The amplitude of the N1 was measured as the mean value between 150–180 ms for young,
155–185 ms for young-old, and 160–190 ms for old-old subjects. An ANOVA was
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noteworthy for an effect of age (F2,59 = 3.94, p < 0.05) and an effect of ROI (F1,59 = 11.27,
p < 0.01). The effect of age was explained by a smaller (muted) N1 response for old-old
subjects as compared to young (p < 0.05) and young-old (p < 0.05) subjects, with no
difference between young and young-old subjects (p > 0.7). The effect of ROI was present
because the N1 amplitude was greater at ROI LOT. Controlling for visual acuity did not
alter the effect of age (F2,58 = 3.64, p < 0.05). However, the effect of ROI was no longer
significant (p > 0.5).3,4,5
Time course analysis using one-sample t-tests, performed separately on the young, young-
old, and old-old groups, revealed mean values significantly greater than 0 μV, consistent
with a N1, between 140–150 ms for the young (p < 0.05), but not the old groups. Between
150–180 ms young and young-old subjects generated a reliable N1 (all p’s < 0.05).
However, during no interval did the mean value for the old-old group differ from 0 μV.
Results are presented in Supplemental Table 1. An ANOVA demonstrated that the size of
the N1 was larger for young subjects than old-old subjects during each 10 ms interval from
140–170 ms (p’s < 0.05). Young-old subjects generated a larger N1 than old-old subjects for
each 10 ms interval from 160–180 ms. After controlling for visual acuity, the size of the N1
of young subjects no longer differed from old-old subject from 150–170 ms. Young-old
subjects continued to exhibit a larger N1 than old-old between 160–180 ms (p’s < 0.05).
3.4 Regression Analyses
Age strongly predicted visual acuity (r2 = 0.52, r = −0.72, p < 0.001), such that the greater
the age, the worse the visual acuity. Age also predicted performance on neuropsychological
tests (r2 = .18, r = −0.43, p < 0.001): the greater the age, the lower the composite z-score.
This relationship survived controlling for visual acuity.
Collapsing across memory load, age predicted RT (r2 = 0.07, r = 0.27, p < 0.05) and false
alarm rate (r2 = 0.21, r = 0.46, p < 0.0005), such that the greater the age, the worse the
performance. After controlling for visual acuity, age no longer predicted median reaction
time (p > 0.7), but continued to predict false alarm rate, although the relationship appeared
less robust (r2 = 0.07, r = 0.26, p < 0.05). There was no correlation between age and target
hit rate (p > 0.13). However, after controlling for visual acuity, a correlation was observed
(r2 = 0.09, r = 0.30, p < 0.05): the greater the age, the higher the hit rate.
Age correlated with P1 peak latency (r2 = .10, r = .31, p < 0.05) and N1 peak latency (r2 = .
07, r = .26, p < 0.05), such that the greater the age, the later the latencies. After controlling
for visual acuity age continued to correlate with P1 latency (r2 = .07, r = .26, p < 0.05), but
no longer correlated with N1 latency (r2 = .03, r = .17, p > 0.17). Age did not correlate with
P1 amplitude (r = .09, p > 0.49) or N1 amplitude (r = 0.20, p > 0.12). Accounting for visual
acuity resulted in age predicting P1 amplitude (r2 = .13, r = .37, p < 0.005), but not N1
amplitude (r = 0.16, p > 0.20).
Visual acuity did not predict P1 latency, N1 latency, or N1 amplitude. Visual acuity
marginally predicted P1 amplitude (r2 = .05, r = .23, p < 0.08). After controlling for age, the
relationship became robust (r2 = .17, r = .41, p < 0.005); the better the visual acuity, the
larger the P1 amplitude.
4.0 Discussion
The main purpose of this study was to investigate whether age-associated differences in ERP
indices of early cortical visual processing were affected by differences in visual acuity. We
found that controlling for visual acuity had an impact on whether older and younger adults
differed significantly in the size and latency of the posterior P1 and N1 components. After
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accounting for visual acuity, age-related increases in P1 and N1 latency did not remain
significant, and older adults were found to have a larger P1 amplitude than young adults.
Controlling for differences in vision also had an effect on behavioral variables. Despite
intentionally making task demands easier for older subjects, there were age-associated
increases in RT and false alarm rate. However, after accounting for visual acuity, these
differences did not remain significant, and older subjects were found to have a higher hit
rate than their younger counterparts. Below, we discuss the implications of our findings for
research in this area.
Numerous ERP studies of visual processing demonstrate changes associated with normal
aging. However, few provide clinical measures of visual acuity in their subjects. Most seem
to have relied upon the self-report of participants indicating they had normal or corrected-to-
normal vision. Our study and others (Friedman et al., 1999; Skeel et al., 2003) indicate that
this kind of reporting may not be accurate. Because of absent documentation, it is
impossible to ascertain the degree to which the visual acuity of subjects differed across
studies, or contributed to the marked variability in reports of age-related differences in P1
and N1, especially in terms of amplitude (Celesia and Daly, 1977; Ceponiene et al., 2008;
Curran et al., 2001; Czigler and Balazs, 2005; De Sanctis et al., 2008; Diaz and Amenedo,
1998; Dustman et al., 1981; Dustman and Beck, 1966; Dustman and Snyder, 1981;
Falkenstein et al., 2006; Finnigan et al., 2011; Kolev et al., 2006; Kutas et al., 1994;
Yordanova et al., 2004; Zanto et al., 2010).6
Age-associated differences in P1 and N1 have most often been understood in terms of the
impact that aging has on early cortical visual processing (Ceponiene et al., 2008; De Sanctis
et al., 2008; Diaz and Amenedo, 1998; Dustman and Beck, 1966; Dustman and Snyder,
1981; Finnigan et al., 2011; Zanto et al., 2010). In keeping with this practice, the results of
the current study could be interpreted as indicating that older adults have preserved initial
visual encoding (indexed by the P1 amplitude), degraded preliminary visual discrimination
(indexed by the N1 amplitude), and slowed execution of both of these visual processing
operations (indexed by P1 and N1 latencies).
Potential mechanisms cited in the literature to explain age-related differences in P1 and N1
include alterations in the neural structure or functioning of early visual processing areas,
changes in top-down modulation of early sensory processing, a generalized reduction of
processing speed, and loss of neurotransmitter availability (Ceponiene et al., 2008; Curran et
al., 2001; De Sanctis et al., 2008; Diaz and Amenedo, 1998; Dustman and Snyder, 1981;
Zanto et al., 2010). Age-associated reduction in the amplitude of the P1 or N1 have been
interpreted as a reflection of the degradation of posterior brain areas (Ceponiene et al., 2008;
Diaz and Amenedo, 1998), consistent with evidence of structural and physiological decline
in posterior visual regions (Goh, 2011; Schmolesky et al., 2000; Spear, 1993; Yu et al.,
2006), diminished activity on functional imaging studies (Davis et al., 2008; Dennis and
Cabeza, 2008), and alteration in psychophysical markers of parvocellular and magnocellular
pathways (Elliott and Werner, 2010). Alternatively, changes in the size of the posterior P1
and N1 components may represent the effects of impaired cortical-to-cortical facilitation,
inhibition, or gating of early sensory operations (Ceponiene et al., 2008; Dustman et al.,
1981; Dustman and Snyder, 1981; Finnigan et al., 2011). The prolongation of the P1 and N1
latencies has been interpreted as a function of age-related decline in the integrity of white
matter tracts that slows the transmission of visual information between different nodes of the
visual system, or a disruption of the cortical processing indexed by these components
(Celesia and Daly, 1977; Diaz and Amenedo, 1998; Finnigan et al., 2011; Zanto et al.,
2010).
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The potential influence of visual acuity on findings of age-related differences in the P1 and
N1 components has not been emphasized previously in the literature. This oversight may be
problematic given the strong evidence that aging is associated with an increased likelihood
of reduced visual acuity (Rodriguez et al., 2002; Rubin et al., 1997; Spear, 1993), an
observation consistent with the results of the current study. Although changes in the central
nervous system, such as alterations in the geniculo-striate pathway, may contribute to
reduced visual acuity in older adults (Spear, 1993), most of the age-related decline is
believed to be due to changes in the cornea or retina (Faubert, 2002; Kanthan et al., 2008;
Klaver et al., 1998; Munoz et al., 2000; Rodriguez et al., 2002). For example, there are age-
associated alterations in the thickness and color (yellowing) of the lens (Nguyen-Tri et al.,
2003; Suzuki et al., 2006). One study (Kanthan et al., 2008) estimated that 72% of adults
who were 49 years and older had cataracts or had had cataract surgery over a 10-year
follow-up period. Moreover, the insidious development of cataracts often goes unrecognized
(Rodriguez et al., 2002; Wood et al., 2010). Retinal changes leading to diminished visual
acuity are associated with glaucoma, macular degeneration, diabetic retinopathy, and normal
aging (Faubert, 2002; Klaver et al., 1998; Munoz et al., 2000; Rodriguez et al., 2002; Spear,
1993).
Support for a causal link between altered visual acuity due to peripheral factors and changes
in visually-evoked responses come from studies that have experimentally manipulated visual
acuity in healthy young adults through the use of external lenses. These studies have
demonstrated that creating errors of refraction reduces the size of early visually-evoked
responses (Harter and White, 1968; Millodot and Riggs, 1970). In keeping with these
studies, the failure to account for refractive errors in investigations of cognitive aging could,
for example, lead to incorrect inferences about age-related decline in the size of the P1
amplitude, or the inability to observe a true age-associated increase in P1 amplitude.
Differences in visual acuity have also been shown to play a role in the apparent disruption of
early visual ERP components in clinical populations other than aging (Friedman et al., 2012;
Schechter et al., 2005). For example, in one study, differences between schizophrenic
patients and normal subjects in N1 amplitude and latency, and in C1 latency did not remain
significant after controlling for visual acuity, which was a particularly striking finding
because subjects had been excluded if their vision or corrected vision was worse than 20/32
(Schechter et al., 2005).
A large body of research suggests a strong link between age-associated changes in non-
cognitive variables, such as vision, and a variety of measures of cognitive aging (Baltes and
Lindenberger, 1997; Lindenberger et al., 2001; Lindenberger and Baltes, 1994; Skeel et al.,
2003). The classic version of the common cause hypothesis interprets this relationship as
support for a common, biologically-based factor that is responsible for age-related
deterioration at all levels of functioning, including ones that mediate peripheral sensory-
motor operations (Baltes and Lindenberger, 1997; Christensen et al., 2001; Lindenberger et
al., 2001; Lindenberger and Baltes, 1994). One could interpret our findings as corroborating
this theory because after controlling for visual acuity age-related declines in early visual
ERPs and performance on the experimental task did not survive. However, this explanation
is countered by the observation that among older subjects, impairment of visual acuity was
not associated with worse cognitive performance across a wide-range of neuropsychological
tests, but was limited to ones particularly dependent on timed visual processing. Our
findings seem more consistent with the idea that impaired vision has a negative impact on
the ability to optimally see test or experimental material on tasks requiring vision (Anstey et
al., 2001; Lindenberger and Baltes, 1994; Wood et al., 2010). Further research is necessary
to confirm this hypothesis.
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Several limitations to this study merit comment. Importantly, we do not know the cause(s)
of diminished visual acuity in our subjects. The most benign possibility is that the subjects
had inadequate refraction and needed an updated prescription for corrective lenses (Skeel et
al., 2003), which is a common occurrence (Tielsch et al., 1990). No formal ophthalmologic
examination was performed to evaluate abnormalities of the lens, or to determine if cataracts
or retinal pathology were present, which are relatively common in older individuals
(Faubert, 2002; Kanthan et al., 2008; Klaver et al., 1998; Munoz et al., 2000; Rodriguez et
al., 2002). Presumably, in rare cases in which subjects with diminished vision have no
ocular or retinal pathology, there is an increased chance that alteration in visual acuity is a
reflection of more central factors. To the extent that worse visual acuity is the result of
deterioration in white matter pathways or cortical visual areas, age-associated changes in
visual acuity and the P1/N1 components may be serving as alternative ways to measure the
decline in the same neuroanatomic structures. Since controlling for visual acuity in these
instances may eliminate age-related differences in the measurement of P1 and N1 that are
due to alteration in posterior cortical function, it may be reasonable to consider excluding
such subjects from participating in ERP studies of visual processing.
Additional research is needed to demonstrate that the findings are not limited to the
particular task demands and stimuli of our experiment, which involved selective attention to
color, and presented letters subtending a visual angle of ~2.5° for 250 ms under a condition
of high contrast. It would be interesting for future studies to present visual stimuli under
conditions that manipulate luminance and color contrast to determine the extent to which
visual acuity affects early visual ERP components that may be differentially influenced by
magnocellular and parvocellular pathways mediating these visual functions (Elliott and
Werner, 2010; Schechter et al., 2005).
Although our sample was a reasonable size (n = 62), before offering more definitive
suggestions, the findings need to be replicated with a larger number of subjects. Also,
approximately a third of our sample were 80 years and older, which probably influenced the
outcome, as decline in visual acuity became more common as a function of age. The issues
raised by this study are likely to become increasingly important as more attention is paid to
the study of normal cognitive aging in adults over the age of 80, which constitutes the fastest
growing sector of our population (Kinsella and He, 2009). We face the important challenge
of developing a consensus about how to account for age-related differences in sensory
fidelity in the study of neural markers of normal cognitive aging among the very old.
It also remains to be determined the extent to which age-related differences in visual acuity
have an impact on later cognitive processing (e.g., as indexed, by the N2, P3, or slow wave
components), or affect other ways to measure neural activity, such as fMRI or PET. For
instance, there is an important line of research that has identified age-associated increases in
anterior neural activity, as indexed by functional imaging, in response to various task
demands. Some investigators have interpreted this finding as a compensatory mechanism for
deterioration in early posterior visual processing (Cabeza et al., 2004; Davis et al., 2008;
Park and Reuter-Lorenz, 2009; Reuter-Lorenz et al., 2000). Some of the studies (e.g.,
Reuter-Lorenz et al., 2000) indicate that subjects had normal or corrected-to-normal vision,
whereas other studies (e.g., Cabeza et al., 2004; Davis et al., 2008) do not include
information about visual acuity. To the best of our knowledge, these investigations have not
tried to control for age-associated differences in visual acuity, which could impact neural
markers of early visual processing.
In summary, the most important message of this study is that until the relationship between
age-associated differences in visual acuity and early ERPs is clearly established,
investigators may need to be more circumspect when interpreting the meaning of their
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findings. Researchers using visual protocols to examine age-associated differences in neural
activity during cognitive processing need to obtain information not only about conditions
that may affect neurologic functioning, such as dementia, cerebrovascular disease, diabetes,
and depression, but also risk factors that can impair vision, such as cataracts, glaucoma, and
macular degeneration. It does not appear to be sufficient to simply ask subjects if they have
normal or corrected-to-normal vision. Rather, it seems prudent to include a clinical measure
of visual acuity. Additional investigation is necessary to determine the extent to which the
issues addressed in this paper are critical to the study of age-related differences in neural
activity in response to visual tasks and to establish guidelines for future research, especially
of very old adults.
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Highlights
• Does visual acuity impact markers of age-related changes in visual processing?
• Posterior P1 and N1 ERPs were measured across young, young-old and old-old
subjects
• Controlling for visual acuity eliminated age-related increases in P1 and N1
latency
• Controlling for visual acuity resulted in age-related increases in P1 amplitude
• Measuring/controlling for visual acuity is needed in ERP/imaging studies of
aging
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Figure 1.
Illustration of an experimental run.
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Figure 2.
Montage illustrating the location of 128 electrode sites and the designated regions of interest
(ROIs).
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Figure 3.
Grand average ERPs for each age group under the attend condition at the 8 lateral ROIs in
response to standard stimuli for the a) low load task and b) high load task. Note that the
temporal window is from −200 to 800 ms to provide an overview of the ERP response.
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Figure 4.
Surface potential maps illustrating the scalp distribution of the posterior P1 and posterior N1
collapsed across memory load for each group. (Note that the scale for the P1 map is from −3
μV to 3 μV, and the scale for the N1 map is from −6 μV to 6 μV.)
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Figure 5.
Grand average ERPs collapsed across memory load and across the lateral posterior ROIs
(ROT and LOT) for each age group. Note that the temporal window is from −50 to 250 ms
to highlight the posterior P1 and N1components.
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Table 1
Subject Characteristics (Mean (SD))
Young Young-Old Old-Old
Number of Subjects 25 15 22
Gender (male:female) 12:13 6:9 7:15
Agea 22.6 (2.3) 73.9 (3.7) 84.2 (3.4)
Years of Education 15.9 (1.7) 16.5 (3.7) 16.1 (3.1)
AMNART IQb 116 (6.8) 121.1 (8.5) 122.5 (7.2)
Composite z-scorec .21 (.40) −.09 (.29) −.18 (.40)
Visual Acuityd 1.05 (0.20) ≈ 20/20 0.75 (0.17) ≈ 20/27 0.63 (0.18) ≈ 20/32
a
Effect of Age Group, p < .001
b
Effect of Age Group, p < .05 (young ≤ y-old, p < .07; young < o-old, p < .01; y-old = o-old, p > .5)
c
Effect of Age Group, p < .005 (young > y-old, p < .05; young > o-old, p < .005; y-old = o-old, p > .4)
d
Effect of Age Group, p < .001 (young > y-old, p < .001; young > o-old, p < .001; y-old ≥ o-old, p < .08)
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